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Prelaunch Algorithm and Data Format for the Level 1
Calibration Products for the EOS-AM1 Moderate
Resolution Imaging Spectroradiometer (MODIS)
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Harry Montgomery, M. M. Hopkins, Mohammad G. Khayat, and Zhidong Hao

Abstract—The Moderate Resolution Imaging Spectroradiome- ~ The calibration and test data analysis for the MODIS
ter (MODIS) radiometric calibration product (Level 1B) is de-  Science Team is performed by the MODIS Characterization
scribed for the thermal emissive and reflective solar bands. A Support Team (MCST). MCST also has developed the MODIS

band-integrated radiance is produced for all measurements. A . . . .
reflectance factor product is also produced for the reflected Level 1B calibration algorithm. All authors of this paper have

solar band measurements. Specific sensor design characteristicd?€en or are currently members of the MCST.
are identified to assist in understanding how the calibration

algorithm software product is designed. The product file format

is summarized, and the location for the current file format is Il. INSTRUMENT BACKGROUND

provided. The MODIS is a 36-band spectroradiometer that covers

a broad spectral range and has very demanding calibration
|. INTRODUCTION performance characteristics. The sensor design incorporates

HIS PAPER describes the Moderate Resolution Imaé- Paddle-wheel scan mirror to provide a wide swath across

ing Spectroradiometer (MODIS) calibration data product?® earth’s surface and access to an array of characterization
The calibration equations for this product are developed, apdPSyStéms on each rotation of the mirror. The spectral separa-
the approaches for the laboratory calibration and the on-orBn Of the light mainly comes from three dichroics and sliver
verification of that calibration are described. The developmefferference filters at each detector. The spectral ranges for the
of the MODIS science products begins with the Level 1geflected solar bands (0.4-28n) and the emissive infrared
calibration products. The radiometric characteristics of tfnds (3.6-14.4m) are calibrated and analyzed with separate
L1B product are reviewed here, but the geometric registratiégFhniques. The descriptions of the calibration approach and
and spectral characterization of the products are not describ@gorithm follow this separation. _ _
The primary aspects of the MODIS sensor is discussed byFig- 1 provides a schematic of the sensor optics, optical
Barneset al. [1]. Major science products for the MODIs détectors, and e]ectromcs to demonstratg 'how 'optlcal signals
oceans [2] and land surface [3] research communities &gto the scan mirror are transformed to digital signals or data.
described elsewhere in this issue. The characterization subsystems are called onboard calibration

Sensor design and characteristics necessary to underst&¥gC) targets. This figure depicts the order that the OBC's are

the Level 1B software product are reviewed in Section |pbserved within a mirror _roFatlon as we_II as the Iocauon of
The emissive infrared algorithms are described in Section Iff1€ €arth observations within that rotation. The scan mirror
The reflected solar bands algorithm, including subsections ndouble sided, and both sides are used for the MODIS
the radiance and the reflectance factor products, is covere@fgervations. A rotation of 360of the scan mirror requires
Section IV. The Level 1B data software product attribute€; 954 S- Throughout this paper, a period of 1.477 s is identified
such as file format and uncertainty index, are reviewed f¥ & Scan, and the data produced from it are called a scan line
Section V. The conclusion and summary comments are IOIca‘_data, or a scan line. Scan lines are acquired alternately by

vided in Section VI. mirror side A (MS A) and mirror side B (MS B) in the data set.
The location of a target within a scan line can be identified
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Fig. 1. Schematic of MODIS demonstrating the conversion of incident light to digital data output, the relative location of the various targetsehabith

scan mirror observes, the fundamental optics and detectors layout, and the digitizing electronics.
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(a) Location in terms of the principal scan angles within a MODIS scan, of various targets, including both the in-laboratory calibraen sourc
and the onboard sensor calibrators and the earth scenes. The principal scan angle corresponds to the degrees of rotation the mirror moves between the

Fig. 2.
center location for each target, wittf Qotation selected at NADIR for the earth scene. (b) Angles of incidence (AOI) on the scan mirror within a

MODIS scan of various targets is depicted.

extent in the track direction (spacecraft orbital directiorgach band. The 500-m bands are sampled twice each frame

and 1000-m extent in the scan direction (orthogonal to tled composed of 20 channels in each band. The 250-m
bands are sampled four times each frame and composed of

spacecraft direction orbital direction).

The sensor has bands with three ground resolutions of 280, channels in each band. All detectors have a field-of-view
500, and 1000 m. The 1000-m bands are sampled once edmdt is approximately square. The channels are positioned end-
frame and composed of ten channels (individual detectors)tarend in the track direction for each band on each focal plane.



1144 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 36, NO. 4, JULY 1998

The instantaneous ground resolution of 1000, 500, and 250 m 1
correspond to the NADIR observations. The ground resolutiong
expands by greater than a factor of two toward the end of eactg 0-98
scan due to the earth curvature, as viewed from the spacecraft ¢ g9g
altitude of 705 km. 2

The MODIS bands are positioned in four separate focalg 0.94
planes, with bands with center wavelengths between 0.42 ¢.92
and 0.55;m on the visible (VIS) wavelength focal plane,
with center wavelengths 0.64-0.94n on the near-infrared
(NIR) wavelength focal plane, with center wavelengths Wavelength (micrometers)
1.2-2.3 and 3.6-4.%m on the short-infrared and middle-

i i ig. 3. Manufacturer specifications of the reflectance of a Spectralon diffuse
infrared (SW/MWIR) Wavelength focal plane and with C(_:‘mes'l;catter target is shown for the wavelengths between 0.25 angr.5The

wavelengths 6.5-14.2um on the long-infrared (LWIR) Mopis bands have center wavelengths between 0.42 and 210The
wavelength focal plane. The SW/MWIR and LWIR focaMODIS Band 7 center wavelength nearly corresponds to the dip in the

planes are housed together within the MODIS radiatiVgfiectance of Spectralon diffuser.

cooler. Information on the spectral bandpasses in the

sensor specification for the MODIS are available in [1Jadiance input signal on each scan. This zero input radiance
and the definitive relative spectral responses are availaBleeach scan in the emissive infrared allows a measurement of
through the MCST Homepage on the World Wide WeHe MODIS self-radiation. The sensor operates with “warm”

at http:/Itpwww.gsfc.nasa.gov/MODIS/MCST/Home.html, optics, and the optics contribute a significant amount of

under “Individual Bands Data.” signal for each observation. The signal from a scene is then
The important characteristics of the OBC subsystems féletermined by subtracting the sensor self-radiation response

low. on each scan.

A. Solar Diffuser IIl. MODIS THERMAL EMISSIVE BANDS

. . . RADIOMETRIC CALIBRATION ALGORITHM
The solar diffuser is a flat surface. The composition of

the surface is Spectralgrand the manufacturer specifications We have pursued two independent calibration methodolo-
of the reflectance of this surface [4] are presented in Fig. @S for the MODIS thermal bands. The first method is based
The reflectance of this diffuser has very small variations witP the traditional technique of fitting the instrument output dig-

wavelength across all MODIS solar reflected bands, excdf numbers (DN's) versus radian¢g) [Watts/(n¥ + sr+ um)]
for the variation across Band 7. istribution to a quadratic polynomial expression and is similar

in form to the algorithm suggested by Young [5]. This is

referred to as th& versus DN algorithm. The second method

) ) ) ) is based on a somewhat more physical approach of converting
_The Spectroradiometric Calibration Assembly (SRCA)_con{he output DN’s to detector output voltag@s), incorporating

prises a source assembly, monochromator, transfer optics, gl telemetered detector response to scenes onto the scan

collimating optics on the output. It includes internal diodgirror with zero-radiance, and fitting these results to a second-
detectors to track subsystem characteristics. The SRCA is uggger equation that applies a local curvature as a function

on-orbit for spectral bandpass knowledge of the reflected sofgrine signal level. The signal level of the detectors in the
bands and within an orbit radiometric stability verificationecond method is due to the combination of scene radiance
of the reflected solar bands. The radiometric sensitivity {8 to the scan mirror) plus instrument background radiance
temperature variations is determined in prelaunch thermdy getector offset. This is referred to as tHeversus L
vacuum testing. The temperature sensitivity is verified On'ort%ﬂgorithm and is described by Knowles al. [6]. This paper
by tracking the response of MODIS to the SRCA through thgesents an overview of the first method, which is planned to
intraorbit temperature range, when the SRCA is operated iR he baseline algorithm at launch. Investigation of the more
the radiometric mode. complex (and perhaps more physicsl)versusL algorithm
performance, and comparison with theversus DN algorithm,
C. Blackbody is a subject of continuing research and is not presented here.
The Blackbody (BB) is of a V-groove design that has ahh this discussion, we do not consider the combined effects
emissivity of 0.993 in the direction it is used by MODISOf possible scene polarization and MODIS MWIR and LWIR
Twelve thermistors are distributed across the surface of tBptical train polarization. The effects of MODIS polarization

B. Spectroradiometric Calibration Assembly

BB. on unpolarized scenes are estimated to be small compared
to specified radiance uncertainties [7]. These effects will be
D. Space View Port addressed in a subsequent publication.

The S Vi Port (SV) i . in the sid The MODIS thermal emissive bands (bands 20-25 and
e Space View Port (SV) is an aperture in the side 9 —36) covering the wavelength region from 3.75 to 14.84

MODIS that provides a view of cold space to allow for a 2€18nd consisting of ten channels per band are radiometrically cal-
1Spectralon is a trademark of Labsphere, Inc. ibrated on the ground using a precision Blackbody Calibration



GUENTHERet al: LEVEL 1 CALIBRATION PRODUCTS FOR EOS-AM1 MODIS 1145

Source (BCS), which is contained within the thermal vacuuifo remove the variable instrument background effect, the SVS
chamber with the MODIS during calibration. The BCS is oferm is subtracted from the input signal. Thus, the spectral
the “buried-first bounce” type design and is expected to havadiance difference is

an emissivity of 0.9995. It is located at45°> scan angle,
with respect to the MODIS NADIR viewing scan position in
the 110 earth view scan angle range. This translates into a = ptseBesL(Tses) + (P8Vs — PBes) L(Tem). ()

low AQI (15.5°) on the scan mirror to minimize reflectanc:e]:Or a specific MODIS thermal emissive ba#), the band-

variation effects. The onboard calibrator blackbody (OBC BBc}veraged radiance difference, due to the BCS path and the
and the SV are viewed once per scan mirror rotation by eaglyg path, is

side of the scan mirror. During thermal vacuum calibration,

the SV is covered with a cryogenically cooled Space ViewdLucs(B) = ppesesesL(Ties) + (08vs — phcs) L(Lem)
Source (SVS) to simulate the on-orbit view of cold space. (4)

The BCS emissivity is calculated, based on the design of

the BCS and a measurement of the reflectance of the materf4iere
that comprise the BCS. The BSC temperature is measured with m (5)
thermistors that have a temperature calibration traceable to an Bes/ = [ RSR(B, ) dx

NIST standard temperature measurement. Consequently, the

MODIS thermal emissive band calibration pedigree is bas@&d RSR(B, \) represents the wavelength-dependent relative

on a temperature standard, not on a radiometric standard. spectral response (RSR) (normalized to unity at peak) for band

The silver-coated scan mirror exhibits a significant variatioﬁ’ and a similar expression for the band integration applies

in average reflectance as a function of wavelength and A Ithe seconq ter'm on .the right-hand side of (4)1 Note that
throughout this discussion, the channel number indexes are

(Cafferty [8] and MacDonald [9]) within this spectral region. d f larit
In addition to the wavelength-dependent reflectivity for thgtPPressed for clarity. . . .
scan mirror, the AOI locations of the BCS, OBC BB, an The band-integrated radiance differencepcs(B) is a

the SVS are critical factors that must be incorporated into t N

Bcs = Lpcos_rata — Lsvs_paTn

[ L(Taos, VRSR(B, \) dA

ction of DNgcg — DNgvyg. Let

algorithm. The locations of these sources along a scan are 1 Necans
depicted in Fig. 2. dnpcs =
The prelaunch calibration is based on the laboratory BCS. EARS =1
The BCS calibration is imprinted onto the OBC BB, and the 1 Mngs 1 Msys
on-orbit calibration is maintained with the OBC BB and SV Mrcs 221 DNpes — Mavs 221 DNsvs| (6)

combination.
where Mgcs (number of BCS frames)Msys (number of

A. Prelaunch Radiometric Calibration Algorithm SVS frames), andV,..ns (Number of scans) are appropriately

The MODIS is a conventional differencing radiometer?momhmg mteryals o optlm_lze the C_a"b"’?“‘?” co_efﬁments.
On the basis of experience with similar instruments

Instrument background radiation effects are removed by sub- .
. : : : . and observed temperature dependencies, we postulate a
tracting the cold space view signal from the earth view sign . .
. ) . . temperature-dependent second-order nonlinear behavior for
on a scan-by-scan basis. During thermal vacuum cal|brat|0£

LBCS(B7 71instr)

the spectral radiance from the BCS, after reflection from the

scan mirror, is given by ALpcs(B, Tinstr)
Lpcs_rarn = GECS(R Tinstr) + allgcs(Ba Linstr) - dnpes
= pitsencsL(Thas) + (1 — pitts) L(Tam) + Like (1) 03B, Tiaser) - (dncs)” @

where pitg is the scan mirror reflectivity integrated overof
the relative spectral response at the'AOI for t.he BESss pE%SEBcstr (pssxgs _ P%%s)Lm
represents the BCS emissivity(Trcs) is the radiance calcu- BOS BOS

lated from the Planck equation at the BCS temperafiyses, =ay (B, Tinsi) + a7 (B, Tinstr) - dnmes
L(T,,) is the radiance calculated from the Planck equation + a55(B, Tinstr) - (dnpes)’ (8)

. p : :
at scan mirror temperaturg,,, and L is the instrument BCS calibration  coefficients aBSS(B, Thue),

background radiance expluswe Qf the scan mirror emIS-SIOarbCS(B,Tinstr), and aBSS(B, T,) are determined by
The second term of this equation represents the em|35|dn L . .
qast—squares fitting to the corresponding data. In this

from the scan mirror. This term is separated from the tot %[mulation, BOS(B, To) term is viewed as part of

instrument background to explicitly capture its scan angle a % least-squares fitting process. It is expected to take on

temperature dependence. The BCS is temperature cycled aver o X
. small nonzero values. The contribution from the nonlinear
an interval of 170-340 K. response ternaS( B, Ti,g:) is very small compared to the
Similarly, when the MODIS views the SVS, the spectral P 2 77 instr y P
i : S Inear response term. Apart from the temperature-dependent
radiance after the scan mirror is given by

behavior, bothaB“S(B, Tin,) and aBCS(B, T ) terms
Lsvs_parn = (1 — p&¥s) L(Tum) + Lika- (2) will be fixed for the on-orbit operation.
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B. On-Orbit Radiometric Algorithm The MODIS scan mirror takes 2.954 s to complete a rotation.

When the MODIS views the OBC BB, the spectral r(,Jw"(,ﬂm;guring each scan, a new measurement of the linear response
after the scan mirror includes the OBC BB emitted radiandg@in) is determined according to (14). The drift of the
reflected by the scan mirror, the scan mirror emittance, the s@{n from scan to scan is expected to be very small. This
cavity emittance reflected by the OBC BB and then in turslowly varying behavior is considered by averaging the linear

by the scan mirror, and the remaining instrument backgrouFRFPONSe term oveNscays, as shown in (15).
radiance. Thus The OBC BB will be cycled to 315 K and allowed to

return to the sensor thermal ambient temperature on an ap-
Lgp_rarn = eL(T8B)p8S + (1 — p88) L(Tiwm) proximately biweekly basis. This OBC elevated temperature
+€cavL(Tcav)(1 _ €BB)pSBI% + Lk (9) operation will simulate the ground calibration process from
which the calibration coefficients were calculated. This cycle
where epp is the OBC BB emissivity,(1 — epp) is the will allow for a determination oft?2-*v(B). Comparison
reflectivity of the OBC BB, andt,, represents the MODIS of blfB'eleV(B) with 62B(B, Tineir) Will verify the continued
scan cavity effective emissivity that must account for the eargitability of on-orbit operation of:5“% and a5¢. Vicarious
and space view apertures. calibration measurements obtained during the validation phase
From (2) and (9), the spectral radiance difference attributedlthe MODIS will also be used to verify the stability on-orbit
to the OBC BB path and the space view path is given by operation ofe5°> and«5“® and the performance of the OBC

BB.
ALpp = Lpp_rat — Lsv_paru There is a small time difference between when the data
= pnessL(I8B) + (08 — pBB) L(Tim) from the OBC BB and SV targets are collected for the gain
+ (1 — erB)ecavPiS L(Tray ). (10) calculation and when the earth view data are collected. During

this time interval, the instrument background may be expected
For a specific MODIS band, the band-averaged radianggdrift a small relative amount due ' f noise. In a manner
difference between the OBC BB path and the space view paRalogous to that suggested by Knowgsal. [6], a portion
is given by of this drift can be reduced by linear interpolation between
am . T sm sm o\ successive scans.
ALpp(B) = pibennL(Ton) + (pR — pBB) L(ZTom) Using the average gain (i.e., the linear response),dihe
+ (1 —eB)ecavrppLl(Tcay) (11) difference Apg; for a given band between thi¢h measure-

.__.__ment and the average of many measurements of the OBC BB
where L(Tgp), L(T5wm), andL{Tcav) are the Planck emission

terms determined using (5). 's given by:

The earth-view sector radiance is determined using the ondgs,; = dngs,; — dnBB,;
orbit calibration coefficient obtained with the OBC BB and AlLpp,(B) - abcs . dn3p; — abcs
the space view and the prelaunch second-order calibration = dnpp,i — :
coefficients determined from the thermal vacuum BCS data
sets. Equation (12) describes the use of these coefficients (16)

ALEV(‘Bv ﬂnstr) = CLOBCS(‘Bv ﬂnstr) + b]I%B(Bv ﬂnstr) : dnEV Slmllarly for the scani +1
+ a5 (B, Tinstr) - (dngy)? (12) App,it1 = dnepi+1 — ANBR,i+1 = ANBR,i+1
ALpp;+1(B) — GQBCS : dn2BB,i+1 - %BCS

BB
bl %

where the residual offset coefficient;“S(B, Tiet.) and
second-order coefficient’“> (B, T, ) are determined using bR
(8), and the linear respong&®(B, Ti.si:) is determined on (17)

a scan-by-scan basis b
y Y The instantaneous correction dagy is given by adding the

VBB () — ALpp(B) — af“*(B) — a?°°(B) - (dngp)? linearly interpolated amount, according to

dnpp (13) dnpy i(t) — dnpy,i(t)
o n dngy i (t) <ABB,i+1 — App; A )
where ALgp(B) is given by (11) and dnpp ; 2.954 BB,¢
Mnn Msvs (18)

dnpp = Man Z DNgp — Msvs Z DNsvs. (14)  where the timet is measured from the center of thi scan
=1 =1 measurement of the OBC BB.
To achieve slowly varying behavior, the linear response termGeneralizing (3), the radiance difference attributed to the
is averaged ovelV,.,ys earth view path and the space view path (after reflection by

the scan mirror) is given by
Nscans /2

TV 1
bPR(B) = Na Z b3 (B). (15) ALgy = Lgv_patn — Lsvs_paTh
§=—Nscans/2 = pivLev + (0% — pi) L(Zam) (19)
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and similarly from (8) SNR for the LWIR bands. The GOES-8 and -9 experiences
o — e e \T— demonstrate that these measurements can be performed to
pivLev + (050 — pEv) L(Tom) about 1% or less uncertainty for all emissive infrared bands.

= aB°S(B) 4+ bBB(B) - dnpyv + a5“5(B) - (dnpv)? (20) The GOES imager calibration for RVS is changed quarterly

] ) (Weinreb [10]). Consequently, the cold space scan maneuvers
where the overstrike bar over the radiance terms (notthe may be implemented about yearly.

term) on the left-hand side of (20) indicate the appropriate
RSR averaging similar to (5).

Solving (20) for the band-averaged radiance from the earth
view, before the scan mirror reflection, representing the desiredThe two primary science data products for the reflected

IV. REFLECTED SOLAR-BAND ALGORITHM

“at aperture” radiancd.py(B) yields solar bands are the earth-exiting spectral radiabhand the
1 earth reflectance factgscos(fs.) computed for each pixel.
Lev(B) = — [aECS(B) + bBB(B) - dnpy fs. is the solar zenith angle at each pixel. Both products are
vV extracted using the effective digital number output. The
+a2BCS(B) : (dnEv)Q] dn* are corrected for detector dark radiance response, so that
PN — pEv(N) they are interpreted as signal. In producing these products,
- PN the. i.nstrur_nent uses prelgunch calibration factors .that can be
[ L(Tumy A) - RSR(B, A) - dA verified using onboard calibrators, postlaunch special tests, and

(21) vicarious calibrations. On-orbit, the calibration factors will be
changed from the prelaunch values through this verification
process.

The output from the focal plane detector arrays (FPA’s) are

Lrv(B) = Lpy [ag“%(B), ay“®(B), p3v, oy, pih. ecav(B),  digitized, recorded, and telemetered as raw digital numbers.

epa(B), ATgg(B),RSR(B, 1), T, Tum, The instrurrjen_t response for each band an_d detector channel
Tosv, Tet, DNuv, DNgg, DNsv]  (22) (D) for an individual scene (Sc) may be written as

TRSR(B, A) - dA

In summary,Lgy(B) is determined by

where the coefficienta;“>(B), a5“>(B), p&%, P, rBBb; An's,p(S¢) = [Nz, p(5e) 55 (MS, AO)

ecav(B), epa(B), ATsp(B), andRSR(B, \) are determined —(DN’, p(SV))S5(MS, AOI)]

from prelaunch calibration measuremends7g(B) term is -FF(MS, D)

added toZpp(B) from th_e BCS to OBC calibration transfer 1+ K};SB [(Tim=ty — Timst]

process) and the remaining coefficierifsp, Tim, Tcav, - - .

Tinst, DBev, DNgg, andDNgy are determined from on-orbit +K5p[(T5") — Teas] }- (23)
telemetry.

The analog-to-digital conversion (ADC) electronics are known
) ) to be nonlinear. The expressiddN’ is the telemetry output
C. On-Orbit Maneuver for Scan Mirror DN corrected for this ADC nonlinearity. In this expression,
The MODIS scan mirror rotation produces a variable reSg(MS, AOI) is a lookup table-based correction to account
sponse versus scan angle (RVS) due to the 10.5268@ for the scan mirror response variation with the mirror AOI
variation across the 12Gscan angle range, as a result of thér each scene. The two scan mirror sides are treated sep-
different reflectance fos- and p-polarized light. In addition, arately. The offset correction for the zero radiance response
the variable reflectance translates into a variable emission cdm-made using a view of cold space from the SV through
ponent. A system-level analytic expression of the variable RuBe term(DN’; ,,(SV)), which is computed from an average
is complex and expected to vary with molecular contaminati@f multiple scans. The individual scenes that are used in
levels on-orbit. Attempts to measure the system-level RVS these bands are scenes in the earth view, looking at scattering
the ambient environment were limited by the generally higlirom the solar diffuser and scenes looking at the SRCA. The
instrument photon background and the need to operate witi\@I reflectance variations in these bands are small and were
mechanical cooler, which lead to additional instrument noisedequately characterized during prelaunch calibration testing
To meet the MODIS radiometric uncertainty requirementsyer the spectral interval 0.4-1,m.
it is planned to periodically measure the response versusThe correction for temperature variations across the FPA
scan angle on-orbit. The MODIS Science Team has requesésl electronics as well as the long-term effects of temperature
that the EOS-AM1 spacecraft be oriented to scan deep spa@gations of the instrument over the mission lifetime is applied
for up to about 30 min when the spacecraft is in the eartia two linear correction terms. The average focal plane (FP)
shadow. This maneuver will provide the MODIS with a viewiemperaturgZ'5") is compared with a FP reference tempera-
above the horizon to observe the 3 K space backgrourﬁureT&ﬁyB,and any temperature deviations from the reference
During this orientation, the MODIS will respond to the scaare corrected using the FP temperature coeffic[éﬁfn. The
angle-dependent emission from the scan mirror. The sc@R temperature coefficient is determined, for each MODIS
angle-dependent emission can then be directly related to thetector, based on responsivity variations observed during
scan angle-dependent reflectance by Kirchhoff's law. Modglermal vacuum testing. The ter&ip", [(T5") — T, 5] is
estimates of the scan mirror emission signal indicate adequeasdidated on-orbit using a 1-W or 10-W lamp output from the
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SRCA, operated in radiometric mode over the entire orbit. A The time-dependent radiance responsiVity ; ,(t) is the
similar temperature correction for the overall instrument temadiance calibration factor for the MODIS at the timeWe
peratureZ™t is applied through the instrument temperatureonstruct®; 5 () as a product of the prelaunch value with
coefficientK 3%,. The at-launch value ok ;;"7, is set to unity, the change on transfer to orbit as determined at the first use
while that of K 3%, is determined from ground-based thermadf the solar diffuser and the change in orbit after the first use

vacuum data. of the SD.
Finally, FF5(MS, D) is a “flat fielding” or “destriping” . .
calibration term to equalize the response of the individual R1,5,0(t) = Reayr,p,p (SIS — 100)
detectors in a given band based on a postlaunch observation of - (a,pexp(—vB,pt) + Bp,pt).  (26)

a very low contrast scene. At launch time, this correction term ] ] ]

is set to unity because each detector is separately calibratdf!@unch, a is preset to unity, while3 and y are preset to

and the calibration strategy is expected to produce a prodg€f© for all detectors. These quantities are checked on orbit

that is destriped. On-orbit, tHeF 5 will be validated from the during initial sensor operations by comparing the response of

observations of sunlight scattered off the onboard Spectraiél¢ MODIS to the SRCA operated in the radiance mode during

solar diffuser. the on-orbit calibration, with the response obtained during the
The primary calibration for the radiance product at-launcgfound calibration in a comparable operating mode; they also

is based on the laboratory calibration source. The laboratdW/! P& checked periodically during the mission. The zero

calibration source is a 100-cm Spherical Integration Sourfadiance offse¢,, of (25) also may have a time variation in

(SIS), known as the SIS100. The SIS100 was located outs@iéimilar manner as (26). .

of the thermal vacuum chamber, and the sensor illuminationThe radiance product can be checked on-orbit also by

was through a window in the chamber wall. The primar§omparison of the multiplicative result

calibration for the reflectance factor product is the laboratory "

measurement of the solar diffuser bidirectional reflectance fac- Rearrp,n(S15 = 100) - ap.p 27)

tor (BRF). An additional MODIS onboard calibration systenyjith vicarious calibration measurements during the validation
is a solar diffuser stability monitor (SDSM), which operategnase of the program as well as with the reflectance product
similarly to a ratioing radiometer. This system is designed i conjunction with a standard solar spectral irradiance [12].
monitor the BRF of the solar diffuser by observations of thQote that the best use of ground-truth vicarious calibration in

sun directly combined with nearly simultaneous observatioggs formulation is to check or correct the calibration scale at
of the solar diffuser (SD). The SDSM is fitted with a miniaturene first use of the SD, as shown in (27).

spherical integration sphere and nine silicon photodiodes. Therpe final calibration expression is
nine SDSM bands monitor the SD BRF between 0.42 and

0.95;m. The reflectance factor calibration values will be o . 4 p(EV)
. ) . L p(EV)=L"+ —/———. (28)
adjusted during the mission based on measurements from the R 5o
SDSM.
B. Reflectance Product
A. Radiance Product In addition to its function as a radiometer, operating in the
The EV band spectral radiance is obtained by an integratiearth view radiance mode, the MODIS will be used on orbit
over a band and is given by as a reflectometer. In this mode, the MODIS will act as a
transfer radiometer between two diffuse reflecting surfaces, the
A’\z Ly(EV) -RSRy B pdA SD and the earth. The SD and the earth atmosphere system
Lp p(EV) = — (24)  are reflecting surfaces with a common illuminating source, the

A2
22 RSRa, 5, pdA .

When viewing the earth, the earth-atmosphere BR¥ 5 p
extracted from the EV radiance and the solar irradiance
sun,B,p for any detector of a given band by

where Ly (EV) is the spectral radiance of the earth scene Iat

wavelengthA, RSR g p is the relative spectral response a%

wavelengthA, normalized to unity at the peak response, an

A1 and A\, are the wavelength range over which the detector mLg p(EV)

has a significant quantum gfflClency. . . PEV,B,D = Esun.5.p cos(6my)
The prelaunch responsivitRe,, 1, p p is defined by

(29)

wheredgy is the solar zenith angle for that pixel or that scene.

. dng, p,p(S15100) A comparison of the BRF of the earth to the BRF of the SD
RearL,B,.0 = Lears p(SIS100) — L2, 5 (25) psp.B,p, Which is defined in a similar fashion as the above
e equation, gives the reflectance data product of MODIS, namely

In the above expressior,’ denotes an offset that may be Lp.p(EV)
needed to account for any deviations from zero radiance during pev,s,p cos(frv) = 17 : SD) PSD.B.D cos(fsp)
calibration. The uncertainty of the calibration of the SIS100, 5.n(SD)
given in (25) byLca 5. p(SIS100), is validated through EOS _ Lep(EV)BRFs(sp) 45
SIS comparisons [11]. Lp,p(SD) ™



GUENTHERet al: LEVEL 1 CALIBRATION PRODUCTS FOR EOS-AM1 MODIS 1149

wherefsp is the angle of the sun on the SD. Thes(fsp) 2) MODIS Level 1B 500 M Earth View Data Product,
term is included in (30) because the sun direction to SD is  which contains earth view observations in scientific units
not normal to the SD. The uncertainty of the calibration of from the MODIS Bands 1 and 2, aggregated at 500-m
the SD, given in (30) bysp, g p, is validated through EOS spatial resolution, plus the earth view observations from
diffuse reflectance standards comparisons [11]. MODIS Bands 3 through 7 at 500-m spatial resolution;
This formulation works well in the instance that the BRF of 3) MODIS Level 1B 1 KM Earth View Data Product,
the SD is flat across the sensor bandpass. For the Spectralon which contains earth view observations in scientific units
diffuser, this is achieved in all of the MODIS reflected solar from the MODIS Bands 1 through 7, aggregated at 1-km
bands, although there is a small error in Band 7 due to the spatial resolution, plus the earth view observations from
diffuser reflectance feature at 2.35m [13]. The ratio of MODIS Bands 8 through 36 at 1-km spatial resolution;
the band-integrated spectral radianc—i%% in the above  4) MODIS Level 1B OBC/E Product, which contains
equation shows the use of MODIS as a ratioing radiometer ~OBC observations in raw DN’s from all MODIS bands
with the solar diffuser as the reference sample. The above at their original resolution, plus the engineering data in
equation can be cast in a form that shows the direct relation engineering units.
to the measured effective digital numbers using the calibratitine aggregation algorithm used in the 500-m and 1000-m earth
(28) (assuming that the zero radiance teffhis negligible)  view files is documented at [13].
. Fig. 4 shows the different components of the Level 1B
dnB,D(EV)pSDBD(tSD) -cos(fsp). HDF files. The product contains five types of metadata,
dnp p(SD)" " " which describe the data components, their contents, and their
(31) attributes. These are core metadata, archive metadata, product
metadata, swath metadata, and scientific data sets (SDS)
The SD/SDSM time series will be used on-orbit to tracknetadata. The core, archive, and product metadata are stored
changes inpsp p,p over time; since the measurement obnce in each file as HDF global attributes. The swath metadata,
dn%jD(SD) may occur as much as a week earlier than tretored for each complete scan (one side of the scan mirror),
measurement ofiny; ,(EV), dnj ,(SD) may need to be are in two forms: swath attributes for HDF-EOS required
adjusted to account for changes in the earth—sun distance asath metadata and HDF Vdata for Level 1B specific swath
the time frame between two measurements. The schedule fatadata. Vdata are tables of fixed field length, as in a vector
repeated solar measurements of the SD will be set so tf@imat. The SDS metadata are stored as SDS attributes and
changes in the BRF of the SD are small (compared toda not explicitly appear in the figure. The various types of
2% calibration uncertainty requirement) between successivetadata are used for different purposes within the production
observations. and archive environment. Some are stored in a searchable
The prelaunch laboratory characterization of the SD detefatabase for product tracking and queries by science users. The
mines its reflectance properties. No system-level prelaun@mainder serve as easily accessible descriptive and summary
calibration of the SD/SDSM exists. There is no method taformation.
monitor changes in this characterization from the laboratory The science data in the earth view files are instrument data
to orbit. The analysis 0fsn. 5, »(tsn) from (30) is analogous and geolocation data stored as multiple SDS’s in HDF-EOS
to that shown for (26) swath format. A small subset of internal geolocation data are
stored in the MODIS 1 KM Earth View Data Product for
psp,B,p(tsp) = psp,cal,B,p(aB,p exp(—7B,pt) + BB,pt)-  convenience in imaging and visualization. The idiosyncrasies
(32) of the way the science data are stored are captured by the
self-describing capabilities of HDF.
Again, « is set to one, whilgg and~ are set to zero; the term  The corrected raw count’* from the instrument are stored
psn.cal,B,pCp,p €an be compared to available ground-trutias 15-bit integers in the software L1B data product for the
measurements. reflected solar bands. The radiance (reflectance factor) product
for each band in the reflected solar bands is computed as

PEV,B,D - cos(0rv) =

V. L1B DATA PrRoODUCT DESCRIPTION Ls.p=90pp+9glpp - dn*. (33)
The MODIS Level 1B software data product contains the
radiometrically corrected and fully calibrated instrument dai® |inear calibration equation is used for these bands, as the
in physical units at the original instrument spatial and temporgiB p corresponds to the /R , ;, from (25) andg0p p
resolution. term is a residual term from the fitting of thelp p for
These data are broken into granules approximately 5-miie calibration data sets and corresponds with The ¢
long and stored in hierarchical data format (HDF), separatggefficients are included in the granule-level metadata.
into the following four files: A similar approach to (33) is used for the thermal emissive
1) MODIS Level 1B 250 M Earth View Data Product, bands, excepain is stored as the 15-bit integer. THe is an
which contains earth view observations in scientifilmteger that produces the radiance for these bands
units for the MODIS Bands 1 and 2 at 250-m spatial X
resolution; Lp=¢g0p+glp-dn. (34)
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Global Attributes to an uncertainty value by use of the formula

l CoreMetadata.0

0.5 % exp (Uncertainty IndexiV)

ArchiveMetadata.0 = £Uncertainty Range Multiplier Value  (35)
ProductMetadata . L. e . .

/ The uncertainty is identified as a one-sigma uncertainty. The
specific uncertainty range for any band is obtained as the

W prodgpt qf (the uncgrtainty range multiplier value) (the

vaat specification uncertainty). The value @f for the thermal

MODIS L1B ata emissive bands is five, and the value &f for the reflected
lssﬁlgﬁ';gi::; SwathMetadata solar bands is nine. An uncertainty index value of 15 indicates
Data that the uncertainty has not been computed. An uncertainty
index value of 14 indicates that the data for this pixel are
SPS || sDs contaminated by an electronic nonlinearity and not properly

Band Subsetting | i :ument and calibrated.

SDSs Uncertainty S DSs The specification for uncertainty in the reflected solar bands

for the reflectance factor product 2% for all bands, all
sDS H detectors. The specification in the reflected solar bands for

Vdatas the radiance product i45% for all bands, all detectors. The

Geolocallon SpSs [Fngineering Data specification for the radiance calibration uncertainty in the

thermal emissive bands 1% for all bands, all detectors,
except for Band 20, which i=75% and Bands 31 and 32,
which is +0.5%.

Fig. 4. MODIS Level 1B HDF format is depicted. The five types of metadata

are identified, and the types of Vdata and SDS files are identified. VI. CONCLUDING COMMENTS AND SUMMARY

) The material describing the at-launch MODIS radiometric
In (34), dn is not related tadn*. The dn* cannot be used product has been presented without a discussion of the actual
for the thermal emissive bands because the calibration {§larization in the reflected solar bands. The specification for
(22) is not a linear calibration. Thgdp and g1p terms are these bands is that the residual polarization sensitivity is not
scaling terms for the thermal emissive bands and are compuggdater than 0.02 for bands with a center wavelength between
for each granule and provided in the granule-level metadaga43 and 2.2um for the principal scan angles betweed5°
The calibration coefficients for the thermal emissive bands aiad —45°. This performance specification is satisfied for most
embedded in the coefficients in the metadata. This approacistances. Nevertheless, variations among detectors in some
is chosen to conserve output file space. bands may impact the flat-fielding determination described in
Invalid data fields are identified by having the highest ord¢23). Data from bands 1-19 are available only when the sensor
bit set to one. The datum in a field is marked as invalid fas operated in the “day mode.” Band 26 data are available in

Level 1B HDF Format

the following reasons: both day mode and night mode operations.
1) flagged as missing from the Level 1A data set; The MODIS principle radiometric products in the emissive
2) detector is dead; infrared bands are radiance. The MODIS principle radiometric
3) value is saturated,; products in the reflected solar bands are radiance and re-
4) calibration failure. flectance factor. In all three instances, an at-launch calibration

Thus, any datum larger than 32 767 should be interpreted%’aﬂon _is summarized. The tra_ceability of _the calibration
invalid. The values in data fields that are flagged as missififpndard is presented. The techniques to verify the at-launch
from the Level 1A data set are equal to 65535 regard&&"brat'on throughout the mission lifetime are presented. The
as unsigned 16-bit integers. For invalid data not flagged Y©OPIS dar:a userld|s e_gcouragbe:cj to use the M)CST homde—
missing from the Level 1A data set, the actual values stor839€ on the World Wide Web for current calibration an
in the file are the corrected raw counts calculated by tffgaracterization parameters.
algorithm, stored as 15-bit unsigned integers, with the high-
order bit of the 16-bit word set to one.

Associated with each instrument data value is uncertaintjt] W. L. Barnes, T. S. Pagano, and V. V. Salomonson, “Prelaunch
information about that value. The information is reported in characteristics of the Moderate Resolution Imaging Spectroradiometer

. X ' o s MODIS) on EOS-AM1,” this issue, pp. 1088-1100.
an 8-bit word, with the four most significant bits used for[z] \(N E. Es)aias,M.R.Abbott,O.W. BroF\)/\F/)n“].W. Campbell, K. L. Carder,
an uncertainty index and the other four bits used for a scene E-tKI-_ Clarka E- '\LA Eveng“,A F. E. Hoge, ?M%ngrdon,b\_/:(t-_ P-fBalch, R.
contrast index. The scene contrast index is not implemented at -5 o a9 " VINNEL 2An OVerview o capabllities for ocean

L. X X X . X science observations,” this issue, pp. 1250-1265.
this time. Uncertainty information is reported as an index tg3] C. 0. Justice, E. Vermote, J. R. G. Townshend, R. Defries, D. P. Roy,
conserve output file space. The uncertainty index is carried as chﬁt"'s“g/- ,\\A/)-/nseﬁ:?Qonég;éii-khinpfges\?v F?L-";Rn'%%sv F?- gtfaN*z%r\:\i/-
a multiplicative factor to be applied to the instrument spectral 7 \van 'a_ R. Huete, W. van Leeuwen. R. E. Wolfe, L. Giglio, J.-

radiance specifications provided below. The index translates P. Muller, P. Lewis, and M. J. Barnsley “The Moderate Resolution
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